During the formation of neuronal circuits, afferent axons often enter target regions before their target cells are mature and then make temporary contacts with nonspecific targets before forming synapses on specific target cells. The regulation of these different steps of afferent-target interactions is poorly understood.
Introduction
The mechanisms of axon pathfinding during neuronal circuit formation have been extensively explored (Tessier-Lavigne and Goodman, 1996; Yu and Bargmann, 2001 ), but the regulation of afferent extension within target regions is poorly understood. Afferent growth cones must encounter molecular cues, produced by cells in the target region to modulate growth, prevent inappropriate contacts, and mediate synaptogenesis.
The relationships between rodent cerebellar granule neurons and their pontine afferents, the mossy fibers, comprise an ideal model for afferent-target interactions (Ramon y Cajal, 1911; Mason and Gregory, 1984; Baird et al., 1992a,b; Scheiffele et al., 2000; Umemori et al., 2004) . Components of the cerebellar circuitry and their differentiation are well defined (Hatten and Heintz, 1995; Goldowitz and Hamre, 1998; Wang and Zoghbi, 2001) , and the ability to purify identified cell types allows tests of afferenttarget interactions in a coculture setting (Hatten et al., 1998) .
Granule neurons undergo proliferation postnatally under the pial surface, within the external germinal layer (EGL). Subsequently, granule cell axons extend beneath the EGL and their cell bodies migrate through the Purkinje cell layer (PCL) to settle in the internal granule layer (IGL), where they receive synapses from mossy fiber afferents. Single fiber tracing of cerebellar afferents has shown that developing mossy fibers form en passant synapses on mature IGL cells and extend into the PCL, where they also relate to immature Purkinje cells and migrating granule cells (Mason and Gregory, 1984; Mason, 1986; Arsenio Nunes et al., 1988; Liesi et al., 2003) . Thus, mossy fiber outgrowth may be regulated at several levels, involving interactions with immature targets cells and inappropriate targets, such as Purkinje cells.
Previous work from our laboratory revealed that purified granule cells in culture inhibit pontine axon outgrowth. We interpreted this interaction to reflect arrest of afferent extension by the target cell as a prelude to synaptogenesis (Baird et al., 1992a; Mason et al., 1997) . However, other evidence indicated that at the time of plating, purified granule neurons are composed of an immature EGL-like population (Raetzman and Siegel, 1999; Solecki et al., 2001; Diaz et al., 2002) , suggesting that mossy fibers in our model were arrested by immature rather than mature granule cells.
Here, by combining in vivo and in vitro approaches, we asked whether immature or mature granule cells inhibit mossy fiber outgrowth. In vivo tracing of pontine mossy fibers showed that postnatally, pontine axons grow into the PCL, but never into the EGL. However, when granule cells are absent, as in the meander tail mutant cerebellum (Ross et al., 1990) , mossy afferents grow to and along the pial surface. When we compared the effect of EGL-or IGL-like granule neurons on mossy fiber outgrowth in culture, we observed that immature cells strongly inhibit mossy fiber outgrowth, whereas differentiated neurons support growth and synaptogenesis, as in the IGL in vivo (Mason and Gregory, 1984) . Proliferative outer-EGL neurons are the strongest source of the inhibitory activity, which appears to be dependent on a heparin-binding component.
Materials and Methods
Animals. Experiments were performed with C57BL/6J mice, green fluorescent protein (GFP) transgenic mice expressing GFP under a ␤-actin promoter (Okabe et al., 1997) on a C57BL/6J background and meander tail (mea/mea) mice (Ross et al., 1990) . These animals were derived from a timed pregnancy breeding colony under our direction at Columbia University, with the day a plug was found considered embryonic day 1 (E1) and the day the pups were born designated as postnatal day 0 (P0). Cerebellar granule neurons were harvested from P5 pups and pontine explants were dissected from P0 animals.
1, 3 ,3Ј,3Ј-tetraindocarbocyanine perchlorate injections and photoconversion. P0 -P6 pups were anesthetized with a mixture of ketamine and xylazine (50/10 mg/kg) and perfused transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer. Pontine mossy fibers were labeled with 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetraindocarbocyanine perchlorate (DiI) (Invitrogen, San Diego, CA) following previously described procedures (Godement et al., 1987; Marcus et al., 1995) . Briefly, DiI crystals were suspended in Triton X-100 (Sigma, St. Louis, MO), loaded in a micropipette and injected by gently puncturing the pontine nucleus. Brains were stored in 0.1 M phosphate buffer in the dark at room temperature for 4 -8 weeks, depending on age. For analysis, 70 -80 m vibratome sections were cut and sections with good axonal labeling as well as restricted pontine injections were photoconverted. Sections were placed in a depression slide filled with 0.1 M Tris buffer, pH 8.2, and kept in immersion for a few minutes. After withdrawing Tris buffer, a few drops of diaminobenzidine (DAB) solution (1.5 mg/ml in Tris buffer) were added to cover the section. The desired area was illuminated at the wavelength for rhodamine. Optimal results were obtained with a Nikon (Tokyo, Japan) 10ϫ or 20ϫ Neofluor objective and a 100 W mercury lamp, on a Nikon Optiphot microscope. The average reaction time was 20 -30 min (10ϫ objective) or 10 -15 min (20ϫ objective). Brains with good mossy fiber labeling were analyzed for each age in wild-type and meander tail mice: wild-type brains, n ϭ 3, E19; n ϭ 8, P0; n ϭ 5, P4; and n ϭ 3, P6; meander tail brains, n ϭ 7, P4; and n ϭ 7, P6.
To locate Purkinje cells, some photoconverted sections were immunostained with an anti-calbindin-D 28K (CaBP) antibody (1:1000; SWant, Bellinzona, Switzerland) using a procedure similar to that described by Marcus et al. (1995) . After photoconversion, sections were preblocked in 10% normal goat serum with 0.05% Triton X-100 in 0.1 M phosphate buffer, pH 7.4, for 1 h at room temperature, followed by an overnight incubation with the CaBP antibody in 1% serum-phosphate buffer with 0.05% Triton X-100 at 4°C. Secondary staining was performed with a peroxidase-conjugated goat anti-rabbit IgG (1:100) for 1 h at room temperature, and then detected with DAB (10 g of DAB, 5 l of 8% NiCl 2 , and 4 l of 3% H 2 O 2 in 1 ml of phosphate buffer) for 10 min. In some cases, CaBP staining was intensified by CoCl 2 treatment. Photoconverted and double-stained sections were mounted on gelatin-coated slides and allowed to dry. After dehydration in a series of ethanol and clearing in xylene, sections were coverslipped with Permount.
Culture media. Culture medium was composed of Eagle's basal medium with Earle's salts (BME) (Invitrogen ) supplemented with glutamine (2 mM; Invitrogen), glucose (0.5%), and penicillin/streptomycin (20 U/l; Invitrogen ). All cultures were kept in serum-free medium, a medium of defined composition that yields comparable neuronal survival as the traditionally used serum-containing medium (Gasser and Hatten, 1990) . Serum-free medium contained the following supplements: insulin (5 g/ml), transferrin (5 g/ml), selenite (5 ng/ml), and bovine serum albumin (10 mg/ml), all from Sigma.
Purification of cerebellar granule neurons. Materials and methods for isolation and purification of granule neurons were as previously described (Hatten, 1985; Baird et al., 1992a; Hatten et al., 1998) . Briefly, cerebella dissected from mouse brains on P5 were dissociated to a singlecell suspension and separated into high-and low-density fractions on a 35-60% Percoll (Sigma) step gradient. Purified granule neurons were obtained from the high-density fraction and further purified by two serial preplating steps in tissue culture plastic Petri dishes coated with poly-D-lysine (100 g/ml; Specialty Media, Phillipsburg, NJ) to remove non-neuronal cells. Granule neurons were resuspended in serum-free medium and plated at a density of 2.5 ϫ 10 5 cells/cm 2 on glass coverslips (VWR Scientific, West Chester, PA) or in 16-well LabTek chamber slides (Nunc, Naperville, IL) coated with poly-L-ornithine (100 g/ml; Sigma) and mouse laminin (20 g/ml; Invitrogen ). Cells were kept up to 14 d in culture changing the culture medium every 3-4 d and fixed at set time points for immunocytochemistry to monitor differentiation. For cocultures, cells were plated as described below.
Pontine explant-granule cell cocultures. Pontine explants for coculture were prepared as described (Baird et al., 1992a; Hatten et al., 1998) . Briefly, the basilar pontine nuclei were excised from the base of the brainstem of P0 mouse brains in ice-cold Tyrode's calcium/magnesium-free PBS. The excised pontine nuclei were transferred into serum-free medium and cut into microexplants ϳ200 m in diameter. Between five and eight microexplants were plated in 100 -250 l of serum-free medium on microwell coverslip dishes (MatTek, Ashland, MA). The coverslips were coated with poly-L-ornithine (100 g/ml; Sigma) and mouse laminin (20 g/ml; Invitrogen ). Granule neurons were plated at a density of 2.5-3 ϫ 10 5 cells/cm 2 either 3 h [0 d in vitro (div) cells] or 4 d (4 div cells) before addition of explants.
In half-dish cocultures, granule cells were allowed to attach on only one-half of the dish by covering the other half with a semidisk of sterile Whatman (Maidstone, UK) paper cut to fit the well and the paper held in place with a small metal rod (a trimmed dissecting pin). When granule cells were plated, one-half of the cells sit on the poly-L-ornithine/laminin substrate, while the other one-half attach to the paper. After 2-3 h, the paper was removed leaving one-half of the dish empty. Explants could then be plated in the empty one-half and aligned in a row 200 -300 m from the granule cell boundary (see Fig. 4 A) .
For heparin treatments, heparin (10 g/ml; Sigma) was added in the culture medium the morning after plating pontine explants on a full dish of granule cells, as addition of heparin at plating interfered with explant attachment. Cocultures were fixed after 24 h of heparin treatment.
Pontine explant cultures on granule cell membranes. For cocultures on granule cell membranes, membranes were prepared by scraping monolayers of granule cells in 4°C PBS with protease inhibitors (Complete Protease Inhibitor Cocktail; Roche, Basel, Switzerland) and pelleting out the nuclear fraction. Plasma membranes were purified via Percoll density gradient centrifugation followed by sucrose flotation to separate plasma membrane and lysosomal fractions. Pontine explants were plated on uniform membrane carpets prepared on poly-L-ornithine/laminin substrate. For cocultures with freeze-fixed granule cells, granule cell cultures were fixed before pontine explants were plated by placing the culture dish on a metal block immersed in liquid nitrogen, and methanol was added to the cells to substitute for cellular water and preserve morphology.
A2B5 and transient axonal glycoprotein-1 immunopanning. P5 mouse cerebellar granule cells were isolated by Percoll density gradient centrifugation as described previously (Baird et al., 1992a ) (see above), except that papain (10 U/ml; Worthington, Freehold, NJ) was used for cerebellar dissociation instead of trypsin. Immunopanning plates were prepared by absorbing a rabbit anti-mouse IgM antibody (MP Biomedicals, Irvine, CA) diluted in 50 mM Tris, pH 9.5, to polystyrene plates overnight at 4°C. After washing with PBS, anti-transient axonal glycoprotein-1 (TAG-1) (1:4; clone 4D7; generous gift from Dr. Tom Jessell, Columbia University, New York, NY) and A2B5 (1:2; Chemicon, Temecula, CA) monoclonal antibodies were added to the plates and incubated for 3 h at 37°C. To decrease nonspecific binding, immunopanning plates were incubated with BME (Invitrogen ) containing 10% horse serum (Invitrogen) and cells were blocked with rabbit anti-mouse IgM (MP Biomedicals) for 30 min at 37°C. Cells were bound to immunopanning plates with three sequential 45 min incubations. TAG-1-positive cells were removed first by binding to the TAG-1 immunopanning dish and other cells were collected for subsequent panning. Because 02A glial precursors also express A2B5, an intermediate panning step was added to remove them using NG2, a chondroitin sulfate proteoglycan present only in 02A precursors (Levine and Stallcup, 1987) . TAG-1-negative cells were incubated with free NG2 antibody (1:10; Chemicon) before being added to plates coated with anti-mouse IgG (MP Biomedicals). Finally, TAG-1-negative, NG2-negative cells were bound to A2B5 immunopanning plates to select for granule neuron precursors. Cells binding to TAG-1 and A2B5 plates were removed using trypsin-EDTA (Invitrogen ), resuspended in serum-free medium, and plated on glass coverslips (VWR) as described above.
5-Bromo-2Ј-deoxyuridine incorporation. To monitor proliferation during the first days in vitro, 5-bromo-2Ј-deoxyuridine (BrdU) (10 g/ ml; Sigma) was added to the culture medium at 6, 18, 42, or 66 h after plating. After a 6 h treatment, cells were fixed for 10 min with 4% paraformaldehyde and BrdU incorporation was assayed by immunostaining with an anti-BrdU antibody (Accurate Chemical and Scientific, Westbury, NY) in the presence of 500 U/ml DNaseI (Worthington) to grant access to BrdU.
Immunocytochemistry. Cells were fixed for 10 -15 min with 4% paraformaldehyde at set time points. Cultures were blocked with 10% normal goat serum in PBS containing 0.05% Triton X-100 when membrane permeabilization was required. Primary antibody incubation was at 4°C overnight in the presence of 1% normal goat serum and 0.05% Triton X-100, when necessary. Primary antibodies were as follows: rabbit antimouse atonal homology 1 (Math1) (generous gift from Dr. Jane Johnson, University of Texas Southwestern, Dallas, TX), mouse IgM anti-TAG-1 (generous gift from Dr. Tom Jessell), rabbit anti-zinc finger in cerebellum 2 (Zic2) (generous gift from Dr. Steve Brown, Columbia University, New York, NY), rabbit anti-myocyte enhancer factor-2 (MEF2) (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-synapsin I (Chemicon), and mouse IgG anti-postsynaptic density-95 (PSD-95) (ABR, Golden, CO). All secondary antibodies were from Invitrogen and incubation was performed for 2 h at room temperature. For quantification of marker expression, stainings were repeated on at least three independent sets of cultures.
Wisteria floribunda agglutinin staining. Granule cell cultures and pontine explant cultures were fixed in 4% paraformaldehyde at set time points. They were blocked using an avidin/biotin blocking kit (Vector Laboratories) according to the manufacturer's specifications, and incubated overnight in biotin-conjugated Wisteria floribunda agglutinin (WFA) (2 g/ml; Sigma) diluted in TBS. WFA was detected using fluorescein-conjugated avidin D (Vector Laboratories).
Microscopy and data analysis. For marker and axon outgrowth analysis, images were collected on a Zeiss (Oberkochen, Germany) Axioplan 2 microscope via a black-and-white Axiocam digital camera (Zeiss).
Marker analysis. For an accurate and unbiased representation of cell distribution in the culture well, nine independent fields were photographed at fixed positions. To identify Math1-, Zic2-, and MEF2-positive cells, images were thresholded using NIH Image software at a set value for each marker. To measure TAG-1 staining density, the area of TAG-1 staining was measured after thresholding the image at a set value and dividing by the number of cells present in the field. For all markers, the total number of cells was determined by counting either GFP-or Hoechst 33258-(Invitrogen) positive cells.
Coculture analysis. Images were taken of axons in each of the four quadrants of outgrowth. The distance from the body of the explant to the point at which 90% of the growth cones were located was measured for each quadrant using Openlab image analysis software (Improvision, Boston, MA), and all four quadrants were averaged for each explant. Outgrowth on cultured granule neurons was compared with growth on a laminin substrate. In Results, "n ϭ " represents the number of explants and "N ϭ " represents the number of independent experiments.
Results
In vivo, pontine afferents grow toward but not within the external granule cell layer During the first two postnatal weeks, immature cerebellar afferents extend into the developing cerebellar cortex (Mason and Gregory, 1984; Mason, 1986) . Many axons, termed combination fibers, form presynaptic specializations characteristic of both mossy fibers, with large mossy fiber rosettes in the IGL, and climbing fibers, in the form of fine filopodial branches bearing small boutons that reach up to Purkinje cell bodies in the PCL. The specific origin of the combination axons, and thus whether they should be considered mossy or climbing fibers, was not known, because the axons were labeled in fiber tracts, not in the brainstem nuclei where the cell bodies are situated. In addition, the extent to which mossy fibers interacted with immature granule neurons in the EGL was not noted.
To determine the interactions of developing mossy fibers with immature granule cells in the EGL, we analyzed the time course of pontine afferent innervation, from embryonic ages to the end of the first postnatal week. Pontine projections were labeled by injecting the lipophilic dye DiI into the pontine nuclei of fixed mouse brains, and in parallel, Purkinje cells were revealed by immunostaining for calbindin (CaBP), a calcium binding protein that is found throughout the Purkinje cell cytoplasm (Jande et al., 1981) . Between E16 and E18, pontine fibers begin to splay off of the medial cerebellar peduncle, positioned laterally and rostrally, and enter the cerebellar cortex. At this age, pontine mossy fiber growth cones are positioned in the region of the future IGL, in the developing deep nuclei, and are never seen in the developing EGL (data not shown). By E19, more pontine mossy fibers project to the cortical regions and many extend into the multicellular Purkinje cell aggregations below the EGL (Fig. 1 A) . A few fibers are seen to exit the main tract and to reach up to the developing EGL, but not to enter the EGL (Fig. 1 B) .
By P0, the folia of the cerebellum begin to form, becoming more defined as the cerebellum increases in size during the first postnatal week. At P4, Purkinje cells are aligned in a double-or single-cell layer, and above their cell bodies and developing dendrites, the EGL is approximately five cells in depth. At this age, the first granule neurons are starting to settle in the IGL after migrating past the PCL (Altman and Bayer, 1997) . Mossy fibers appear to fill each folium, and the majority of mossy fiber growth cones is restricted within the IGL immediately below and around the Purkinje cell bodies, as shown previously (Mason and Gregory, 1984) . However, at P6, many labeled pontine fibers were seen extending up through the Purkinje cell bodies to the developing molecular layer ( Fig. 1C-E ). Most growth cones on these fibers were small, and although some were observed touching the underside of the EGL, they were never seen to invade the EGL (Fig. 1 D) .
We asked whether in the absence of an EGL, mossy fibers would grow past the Purkinje cells to the pial surface. As previously described (Ross et al., 1990; Eisenman and Arlinghaus, 1991; Hamre and Goldowitz, 1997) , the cerebellum of the meander tail mouse mutant displays a range of granule cell death from folium VI rostrally, such that at the rostral-most folium I, there is no EGL or even individual granule cells. Purkinje cells are present in all folia, although in the affected folia (I-VI) they are not aligned into a monolayer (Fig. 1 H) . At P6 pontine mossy fibers, labeled with DiI in the pontine nucleus, are highly disorganized when they enter folium I, and extend beneath the pia, where the EGL would have formed (Fig. 1 F, G) . In the wild-type cerebellum, fibers enter folium I in a well organized tract and are restricted to the developing molecular layer (Fig. 1C,D) , but in the meander tail mutants projections in the most affected (anterior) folia are completely disorganized (Fig. 1 F, G) . Mossy fiber projections into the dorsal folia of the meander tail cerebellum, where the EGL is present, are similar to wild type and never grow into the EGL (data not shown).
Thus, under normal circumstances, mossy fibers can grow past the emerging IGL into the PCL during the first postnatal week, but do not enter the EGL region where immature granule cells are present. However, if the EGL does not form, as in the meander tail mutant, fibers do extend to the pial surface. Together, these results imply that immature granule neurons in the EGL restrict mossy fiber growth to the layers below.
Cultured granule neurons synchronously transit from an EGL-like to an IGL-like population over the first 4 d in vitro
To analyze the interaction between pontine afferents and granule cells at different developmental stages and to identify whether immature granule neurons arrest mossy fiber growth, we used a granule cellpontine explant coculture system. When we first identified granule neurons as a source of stopping activity for mossy fibers (Baird et al., 1992a) , we had no information on the composition and differentiation stage of the granule neuron cultures that were able to inhibit mossy fiber outgrowth. Because it had been proposed that only EGL cells survive the harvesting procedure (Raetzman and Siegel, 1999) , we analyzed the composition of purified granule cells cultures during the first day in vitro (i.e., at the time when pontine axons first encounter granule neurons in our coculture paradigm).
Cerebellar cells were dissociated at P5 from transgenic mice expressing GFP under the ␤-actin promoter (Okabe et al., 1997) and purified on a Percoll gradient to obtain a Ͼ98% pure population of granule neurons (Hatten, 1985; Hatten et al., 1998) . GFP expression in all cells allowed for morphological analysis of cultured cells and clear identification of the few contaminating glia. At 1 div, cells in culture displayed a variety of morphologies that were grouped in two distinct categories: (1) cells that displayed a flat, amoeboid morphology with a large cell body, filopodial and lamellipodial protrusions from the soma, and no neurites, and (2) cells that presented the classical bipolar shape of granule neurons in culture with two thin processes exiting a small cell body (Powell et al., 1997) (see drawings in Fig. 2 A and examples in Fig. 2C ). Approximately one-half of the cells in culture (45.9 Ϯ 2.9%) displayed the amoeboid morphology and were termed "flat cells," whereas the other one-half were bipolar (Fig. 2 B) .
We asked whether flat cells may be immature EGL progenitors. We first determined whether flat cells are neurons by testing for expression of neuronal and glial markers. Astroglial and oligodendroglial markers, GFAP and O4, were not expressed by flat cells (data not shown), whereas all flat cells were positive for the neuronal marker ␤III-tubulin (Fig. 2C) . We then analyzed proliferation in the cultures by adding BrdU to the culture medium at fixed time points during the first 48 h in vitro. One-third of granule cells incorporated BrdU during the first 24 h in culture (30.8 Ϯ 5.0% at 12 h; 34.7 Ϯ 4.5% at 24 h), but proliferation steeply declined by the second day in culture (17.8 Ϯ 3.7% at 2 div) and ended by 3 div. All BrdU-positive cells displayed a flat morphology (Fig. 2C) . In addition, a subpopulation of flat cells expressed Math1, a basic helix-loop-helix transcription factor, which is expressed by granule neurons progenitors in the outer EGL (Helms and Johnson, 1998) (Fig. 3A) . Thus, based on morphology and marker expression at 1 div, we conclude that the purified granule cells encountered by mossy fibers in our previous coculture experiments (Baird et al., 1992a,b; Zhang and Mason, 1998) represented an immature population of EGL progenitors with a mixture of proliferating and postmitotic cells.
Because these findings favored the hypothesis that the EGL inhibits mossy fiber outgrowth to exclude afferents from immature cerebellar regions, we next wanted to determine (1) whether only immature granule neurons arrested afferent outgrowth and (2) what effect more mature granule cells had on the afferents. To ask these questions, we first defined at what time in vitro granule neurons differentiated into an IGL-like population in our culture conditions. By morphological analysis, we followed the disappearance of flat cells in culture. The number of flat cells rapidly decreased from 45.9 Ϯ 2.9% at 1 div to 0.6 Ϯ 1.1% at 3 div, and no flat cells could be detected by 4 div (Figs. 2 B; 3A, C, GFP panels). In parallel, the percentage of bipolar cells increased, reaching 100% at 4 div. Because the total number of cells present in the culture remained the same over the first 4 div (data not shown), we assumed that all flat, proliferating progenitors differentiated into bipolar granule neurons. As mentioned above, BrdU incorporation had ceased by 3 div.
To further explore the composition of the cultures and the timing of differentiation, cells were immunostained for marker proteins associated with specific stages of granule cell development. The outer-EGL marker Math1 was expressed in 13.7 Ϯ 3.6% of cells at 1 div, quickly declined to 0.3 Ϯ 0.3% of cells by 3 div, and disappeared by 4 div, closely following the disappearance of flat cells (Fig.  3 A, B) . The Ig superfamily adhesion molecule, TAG-1, which is transiently present on growing granule cell axons during the early stages of neuronal migration (Stottmann and Rivas, 1998) , was initially expressed on growing axons of bipolar granule cells at 1 div, peaked by 2 div covering the entire axonal surface, and declined thereafter, disappearing by 4 div (Fig. 3C,D) . As EGL and migration marker expression declined, late differentiation markers appeared. Zic2, a zinc-finger transcription factor, expressed in postmitotic granule cells (Aruga et al., 1996; Borghesani et al., 2002) , was highly expressed as soon as the cells became bipolar (Fig. 3E) and expression followed the time course of flat to bipolar cell transition, from 50.0 Ϯ 7.1% of cells at 1 div to 94.3 Ϯ 0.3% at 4 div (Fig. 3F ). Zic2 expression persisted in the nuclei of all differentiated granule neurons up to 14 div, the latest times in vitro tested (data not shown). Another marker for more differentiated neurons, MEF2, a MADS family transcription factor (Lyons et al., 1995; Mao et al., 1999) , appeared in bipolar granule cells later than Zic2, reached a plateau between 4 and 7 div (70.0 Ϯ 2.0% at 4 div; 74.6 Ϯ 4.6% at 7 div) (Fig. 3G,H ) , and persisted at all time points tested after 7 div.
Thus, as determined by morphology, proliferation, and differentiation marker expression, freshly plated purified granule cells represent an EGL progenitor-like population, and by 4 div, cultured granule cells can be considered IGL-like neurons.
Pontine mossy fiber outgrowth is prevented by EGL-like cells, but not by IGL-like granule neurons
Granule cell preparations and mossy fiber explants for our coculture experiments had previously been performed on the same day (Baird et al., 1992a,b; Zhang and Mason, 1998) . Therefore, based on the data presented above, pontine explants in our previous studies were exposed to EGL-like granule cells. If the stop signal is expressed by immature granule neurons to prevent invasion of the EGL, then more differentiated, IGL-like granule cells on which mossy fibers ultimately terminate, would not be expected to inhibit outgrowth.
To test the effect of immature versus mature granule neurons on pontine mossy fiber growth, we developed a border-assay coculture paradigm (half-dish cultures) (Fig. 4 A) . Purified granule neurons harvested from wild-type pups were plated in onehalf of the dish and pontine explants were aligned in the empty space adjacent to the granule cell border. In addition, to facilitate mossy fiber identification, pontine explants were dissected from ␤-actin-GFP transgenic mice and cultured with wild-type granule cells. Explants were plated with EGL-like (0 div) or IGL-like (4 div) granule cells and cocultures were maintained for an additional 24 -36 h before fixation. When explants were challenged with EGL-like cells, axons entered only the border of the territory covered by granule neurons in 100% of explants tested (n of explants ϭ 15; N of experiments ϭ 3) (Fig. 4 B) . Some axons seemed to stop growing at the border, whereas other axons were diverted and continued to grow along the border. In contrast, when granule neurons were allowed to differentiate for 4 d to an IGL-like population before explants were plated, mossy fibers passed over the border and grew freely on the granule cells (n ϭ 6; N ϭ 3) (Fig. 4C) .
Outgrowth measurements in half-dish cultures are difficult because of the variability in the positioning of the explant body with respect to the granule cell border. To more reliably quantify the effects of granule neurons of different ages on mossy fiber outgrowth, coculture experiments were repeated by plating pontine explants directly on a monolayer of granule neurons (fulldish cultures) and axon length was measured in all four quadrants. No difference was observed in pontine explant attachment between halfdish and full-dish cultures. In both types of culture, the rate of differentiation of granule neurons, as determined by expression of developmental stage-specific markers, was not altered by the presence of pontine explants in the culture (data not shown). Mossy fiber outgrowth on granule neurons at different stages of differentiation was compared with growth on a laminin substrate. Explants plated on IGL-like (4 div) cells showed growth indistinguishable from control explants grown on laminin (growth, 106.6 Ϯ 9.9% of control; n ϭ 15; N ϭ 3), whereas growth on EGL-like (0 div) neurons was reduced to 69.3 Ϯ 5.3% of laminin controls (n ϭ 12; N ϭ 3; p Ͻ 0.001).
The pattern of mossy fiber extension was also dramatically different on immature and mature granule neurons. After 1 d in coculture, axons growing on IGL-like cells (plated 4 d before coculture) were defasciculated and formed varicosities (Fig.  5B) , whereas axons on EGL-like cells were shorter and smoother, with long filopodia, and lacked varicosities (Fig. 5A) . When mossy fibers grow into the IGL in vivo, they defasciculate, branch, and form en passant synapses on several granule neurons (Mason and Gregory, 1984; Mason, 1986) . We therefore asked whether the varicosities observed in IGL-like cells were nascent synaptic contacts. Synapses can be identified by immunocytochemistry by colocalization of a presynaptic vesicle marker, such as synapsin I, with a postsynaptic density scaffold marker, such as PSD-95 (Ahmari and Smith, 2002) . When pontine explants were cocultured with differentiated granule neurons, synaptic vesicles were clustered in axonal varicosities in the GFP-positive mossy fibers opposed to postsynaptic PSD-95 clusters on granule neurons, reminiscent of nascent presynaptic structures (Fig. 5Bii) . In contrast, PDS-95 clustering was rarely observed on immature granule cells (Fig. 5Aii) , suggesting that immature granule neurons support synapse formation less well than more mature cells.
Granule cells form synapses with each other in culture (Losi et al., 2002) , and synaptogenesis in purified cultures of granule cells alone increases with differentiation, with very few synapses observed in immature cultures and synaptogenesis increasing after 4 div (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). It is possible that synapse formation observed in cocultures of pontine explants with mature (4 div) granule cells may simply reflect an increase in synapse formation among granule cells, rather than between pontine fibers and granule cells. To visualize synaptic contacts between mossy fibers and granule cells more clearly, we cocultured GFP-positive pontine explants with granule cells at a density of 2.5 ϫ 10 4 cells/cm 2 , a density 10 times lower than in regular cocultures. Because gran- Figure 3 . Granule neurons in culture transit into an IGL-like population after 4 div. A, C, E, G, Differentiation of cultured granule neurons is chronicled by expression of developmental stage-specific markers. Cellular morphology is visualized by GFP expression, in green, and marker staining is detected in red. Quantification of marker expression is shown in B, D, F, and H. A, B, Outer-EGL proliferating granule cell progenitor marker, Math1, is expressed after plating and disappears by 4 div. Math1 is exclusively expressed in flat cells (arrowheads). C, D, Premigratory and migratory granule cell marker, TAG-1, is first expressed on developing processes of bipolar cells at 1 div, peaks at 2 div, and declines thereafter. E, F, Postmitotic granule cell marker, Zic2, appears in the nuclei of postmitotic, bipolar neurons at 1 div and is expressed in all neurons by 4 div. G, H, Differentiated neuron marker MEF2 is also expressed in postmitotic neurons, but expression is delayed with respect to Zic2. Scale bars, 15 m. Math1, Zic2, and MEF2 expression is represented as percentage of positive cells in three independent experiments Ϯ SEM. TAG-1 expression is represented as staining density (area of TAG-1 staining/number of cells in the field) in four independent experiments Ϯ SEM.
ule cells do not survive well at low densities, but are still healthy after 2 d, synapse formation was analyzed in cocultures in which both preparations were performed the same day and kept in culture for 48 h. In this setting, mossy fiber behavior in relation to both flat (immature) and bipolar (more mature) cells could also be compared. Contacts between isolated pontine axons and isolated granule cells were identified by colocalization of the GFP-positive axons, synapsin I clusters and PSD-95 clusters. Mossy fibers avoided immature flat cells in their path and often took circuitous routes to do so (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), whereas axonal contacts on granule neurons with a bipolar morphology were observed to be synaptic (Fig.  5C ).
We wondered whether the stopping activity could be a collapse-inducing factor such as the semaphorins. In time-lapse video analyses in our previous studies, we never observed mossy fiber growth cone collapse during interactions with freshly plated granule cell cultures (Baird et al., 1992a) . However, at the time, we were not aware of the developmental distinction between flat and bipolar granule cells in these cultures at 1-2 d in vitro. In the present work, in static analyses, we determined that mossy fiber growth cones do not exhibit collapse in the presence of EGL-like cells, but simply stop on them or grow around them (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). We also never observed collapsed growth cones when mossy fiber growth cones abut the border of the EGL in vivo (Fig. 1 D, growth cones) .
In summary, whereas mossy fibers grow freely and are able to form synapses on differentiated granule cells, pontine afferents do not extend on immature EGL cells.
Proliferating, outer-EGL cells are more inhibitory to mossy fiber outgrowth than inner-EGL cells
As indicated above, mossy fiber afferents avoid growing on flat cells, the most immature of EGL cells recovered within the purified granule cell population. The EGL is composed of different populations of granule neurons precursors, proliferating progenitors in the outer-EGL, and postmitotic neurons that extend processes and initiate migration in the inner-EGL (Altman and Bayer, 1997). To test whether the inhibitory activity is enriched in outer-EGL cells, we developed an immunopanning procedure to separate outer-and inner-EGL cells and to test their effect on afferent axons. After Percoll gradient purification, granule cells from wild-type P5 cerebella were further separated based on their surface expression of the surface ganglioside antigen A2B5, which is highly expressed on proliferating cells (Schnitzer and Schachner, 1982) , or of the postmitotic, migratory neuron marker TAG-1 (Stottmann and Rivas, 1998) . Cells from both populations were obtained in ratios similar to those observed in nonpanned cultures, suggesting that both types of EGL cells survive the harvesting procedure: A2B5-and TAG-1-panned cells represented 55 Ϯ 3 and 34 Ϯ 3% of the total cells used for immunopanning, respectively, and were observed in nonpanned (NP) cultures in similar proportions (52 Ϯ 4 and 29 Ϯ 5% of A2B5-and TAG-1-positive cells, identified 2 h after plating).
Developmental marker expression and differentiation potential were analyzed in the two panned neuronal populations, which we term A2B5(ϩ) and TAG-1(ϩ), and compared with NP cells. Because A2B5(ϩ) cells represent an outer EGL population, most of these cell should be proliferative at plating and then differentiate into postmitotic, migratory cells during the second or third day in vitro. Postmitotic TAG-1(ϩ) cells should express markers of a more differentiated migratory population and incorporate little or no BrdU, because most cells should have exited the cell cycle. As expected, A2B5(ϩ) cells showed high BrdU incorporation (47.2 Ϯ 16.0%) (Fig. 6 A) , whereas TAG-1(ϩ) cells were mostly postmitotic (BrdU positive, 8.5 Ϯ 6.4%) (Fig. 6 A) . Expression of early (Fig. 6 B, Math1) and late (Fig. 6C, MEF2 ) differentiation markers in A2B5(ϩ) and TAG(ϩ) cells was compared with that of NP cells, which are a mixture of both cell subpopulations. A2B5(ϩ) cells lagged ϳ24 h behind the NP neurons in their differentiation program, whereas the TAG-1(ϩ) population was more differentiated (Fig. 6 B, C) . Both A2B5(ϩ) and TAG-1(ϩ) cells differentiated at a rate similar to that in NP neurons. Thus, by immunopanning, we purified EGL neurons into A2B5(ϩ) cells, which represent a population of immature EGL granule neurons, and TAG-1(ϩ) cells, which are equivalent to postmitotic migratory cells.
We then asked which of the two subpopulations of EGL cells presented a more potent stop signal. Pontine explants were cocultured on a monolayer of either A2B5(ϩ) or TAG-1(ϩ) granule cells in a full-dish configuration, and axon outgrowth on the two populations was compared with unrestricted outgrowth on laminin alone and on NP cells. Postmitotic, migratory TAG-1(ϩ) cells allowed almost unrestricted growth (axon length, 80.1 Ϯ 0.5% of laminin control; n ϭ 60; N ϭ 7), whereas the immature A2B5(ϩ) population strongly inhibited mossy fiber extension (axon length, 41.6 Ϯ 1.4% of laminin control; n ϭ 60; N ϭ 7; p contr Ͻ 0.001; p NP Ͻ 0.05) (Fig. 7) . Growth on NP cells was reduced at an intermediate level between A2B5(ϩ) and TAG-1(ϩ) cells, reflecting the fact that NP cells are a mixture of inner-and outer-EGL cells (axon length, 59.8 Ϯ 3.5% of laminin control; n ϭ 36; N ϭ 7; p contr Ͻ 0.01; p NP Ͻ 0.05). Thus, immature, proliferating EGL cells and not migratory granule cells are the source of the stopping activity.
Extracellular matrix components on immature granule cells arrest mossy fiber extension
The molecular identity of the stop signal has proven to be elusive. In previous studies, conditioned medium from granule cell cultures had failed to induce pontine axon arrest (Zhang and Mason, 1998) ; therefore, we asked whether the stop signal could be an integral plasma membrane protein or a component of the extracellular matrix (ECM). We first tested whether plasma membranes prepared from freshly purified, immature granule cells via density-gradient centrifugation could arrest mossy fiber extension. Granule cell plasma membranes presented both in a halfdish or full-dish setting had no effect on pontine axon outgrowth compared with growth on laminin. Only when immature (0 div) granule cells were freeze-fixed on the dish before the addition of pontine explants was pontine axon extension inhibited to a similar extent as in sister dishes with live cells (extension on live immature granule cells, 66.2 Ϯ 1.4% of laminin control, n ϭ 35, N ϭ 6, p contr Ͻ 0.001; extension on freeze-fixed immature granule cells, 54.9 Ϯ 1.8% of laminin control, n ϭ 35, N ϭ 6, p contr Ͻ 0.001). Therefore, the stopping activity may be a protein loosely tethered to the plasma membrane of a component of the ECM that is lost during plasma membrane purification but preserved by freeze-fixation.
The ECM and several guidance cues that are associated with the ECM have been shown to be important regulators of axon extension and guidance at all stages of differentiation (Letourneau et al., 1992; Bovolenta and Fernaud-Espinosa, 2000) . ECM components, such as proteoglycans (PGs) not only trap guidance cues and enhance binding with their receptors, but also modulate adhesive interactions directly both by favoring or inhibiting axon outgrowth (Margolis and Margolis, 1997; Bovolenta and Fernaud-Espinosa, 2000) .
As a first attempt to analyze the role of ECM components in mossy fiber outgrowth, we treated granule cell/mossy fiber cocultures with heparin, which competitively inhibits binding among heparan-sulfate proteoglycans (HSPGs) or between HSPGs with other ECM components and heparin-binding proteins. Pontine explants were cocultured with granule neurons prepared the same day (EGL-like) or 4 d before (IGL-like). Explants were allowed to attach overnight and then treated with 10 g/ml heparin for 24 h. Heparin treatment effectively disrupted the stop signal and allowed mossy fibers to grow freely on EGL-like granule cell cultures, and interestingly, outgrowth from heparin-treated explants on immature, EGL-like granule cells was significantly more robust than growth from control explants on laminin (growth on EGL-like cells: control, 60.4 Ϯ 23.4% of laminin control, n ϭ 36, N ϭ 3; heparin treated, 164.3 Ϯ 11.6% of laminin control, n ϭ 29, N ϭ 3) (Fig. 8 A, B) . Heparin did not increase pontine outgrowth per se, but it seemed to uncover a permissive signal on immature granule cells. In fact, pontine axon outgrowth on mature, IGL-like granule cells was not affected by heparin treatment (growth on IGL-like cells: control, 112.6 Ϯ 13.9% of laminin control, n ϭ 29, N ϭ 3; heparin treated, 127.4 Ϯ 31.6% of laminin control, n ϭ 24, N ϭ 3) (Fig. 8 A, B) . In addition, when heparin was applied to pontine explants in the absence of granule cells, outgrowth was reduced (heparin treated, 43.7 Ϯ 11.3% of laminin control; n ϭ 31; N ϭ 4; p Ͼ 0.005). PG-laminin complexes have been shown to be important in the regulation of axonal growth (Chiu et al., 1986; Snow et al., 2002) , and heparin may block the growth-promoting interaction with the laminin substrate.
To determine whether differences in expression of PGs on granule cells could explain the differences in pontine axon outgrowth, we analyzed PG expression using biotin-conjugated WFA, a lectin which binds specifically to N-acetylglycosamine (Koppe et al., 1997) . PGs were present on both immature (0 div) and mature (4 div) granule cells ( In summary, pontine mossy fiber arrest at the inferior border of the EGL could be controlled by a specific ECM component and/or a guidance cue with a heparin-binding domain that is exclusively expressed in the EGL.
Discussion
To form appropriate connections in the developing brain, afferent axons must navigate to the target region and recognize the correct target cells for synapse formation, while avoiding inappropriate regions and cells. Although many cues have been identified in pathways leading to target regions (Tessier-Lavigne and Goodman, 1996; Yu and Bargmann, 2001; Salie et al., 2005) , the signals regulating afferent-target cell interactions within target regions are poorly defined (Holt and Harris, 1998; Sanes and Lichtman, 1999; McLaughlin et al., 2003) .
From single-fiber labeling, we determined that, in late embryonic stages and during the first postnatal week, mossy fibers leave the medial cerebellar peduncle, enter the presumptive IGL, and grow among Purkinje cells, but never enter the EGL, the layer in which their target cells are born (Mason and Gregory, 1984; present study) . Mossy fibers likely encounter a series of cues that signal growth, repulsion, and synapse formation: (1) a signal allowing or inducing growth in the developing cerebellum, (2) an inhibitory signal(s) that prevent invasion of immature regions, (3) another inhibitory signal(s) from inappropriate targets such as Purkinje cells, and (4) synaptogenic signal(s) from target neurons to enable formation of presynaptic specializations on these targets. The identities of many of these signals are unknown, and to understand the mechanisms of afferent extension and differentiation, the cellular source and the timing of expression of these cues must first be elucidated. Previous work from our laboratory indicated that cerebellar granule neurons express an inhibitory activity, termed the "stop signal," which arrested mossy fiber extension (Baird et al., 1992a (Baird et al., ,b, 1996 . We proposed that the IGL-like granule neurons in the cultures arrested mossy fiber extension as a prelude to synaptogenesis (Mason et al., 1997) . However, additional characterization of the composition of granule cell cultures demonstrated that only EGL neurons survive the harvesting procedure (Raetzman and Siegel, 1999) , supporting the alternative hypothesis that granule cells in the EGL may express a signal to prevent mossy fibers from invading immature target cell loci.
In the present work, we characterized the interaction of pontine mossy fibers with granule cells at different developmental stages in vitro and in vivo, and found that granule cells differentially affect the behavior of their afferents depending on the stage of granule cell maturity, preventing outgrowth when in the progenitor stage, and promoting growth and synaptogenesis in the mature stage. Such behaviors reflect the activities in vivo where mossy fibers can grow through the IGL while forming synapses with mature granule and Golgi cells (Mason and Gregory, 1984; Mason, 1986) , extend among and past the Purkinje cell bodies to the borders of the EGL, but never enter the EGL where immature granule cells reside. The presence of the EGL is necessary to restrict mossy fiber outgrowth, because in the agranular portions of the meander tail cerebellum, fibers extend to the pia and grow under its surface. Thus, we propose that immature granule neurons in the EGL are the cellular source of the signal that restricts mossy fiber outgrowth to the layers below, during the first postnatal week.
Neuronal progenitors have been shown to inhibit afferent invasion of immature regions in other systems. Thalamocortical projections, for example, are inhibited by both the subventricular zone, where cortical neurons are generated (Bagnard et al., 1998) , and by immature layer 4 neurons (Gotz et al., 1992; Tuttle et al., 1995) . When thalamocortical axons enter the developing cortex, they pause and wait below the cortical plate for their targets, layer 4 neurons, to mature before synapsing on them. In coculture experiments, immature embryonic cortical plate neurons inhibit thalamocortical axon extension, while more differentiated postnatal cortical cells support axonal growth (Gotz et al., 1992; Tuttle et al., 1995) . Similarly, in the optic tectum of Xenopus laevis, the posterior tectum continues to proliferate throughout life (Straznicky and Gaze, 1972) and expresses the inhibitory cue semaphorin3A to prevent RGC axons from coming into contact with immature cells (Campbell et al., 2001) .
Immature mossy fiber growth cones may also have a developmental role as they extend up into the molecular layer. They may be involved in EGL development, as shown for pioneer olfactory axons that induce proliferation of olfactory bulb progenitors (Gong and Shipley, 1995) , or reach up to the borders of the EGL to initiate contact with migratory granule cells (Liesi et al., 2003) . Some models of afferent development invoke immature, transient cells, such in the subplate (Herrmann et al., 1994) , to serve as temporary way stations for growing axons before they can synapse on their targets. Both migratory granule cells and Purkinje cells could play such a role in cerebellar development. Late prenatally and early postnatally, mossy fiber afferents invade the Purkinje cell zone (Fig. 1) (Mason and Gregory, 1984) and send thin filopodial processes, "combination fibers," to both migratory granule cells and Purkinje cell bodies (Ramon y Cajal, 1911; Mason and Gregory, 1984; Liesi et al., 2003) . Whether these temporary contacts are fully synaptic in nature and whether, as in the subplate, they are necessary for the normal maturation of the circuitry (Herrmann et al., 1994; Kanold et al., 2003) is currently under study (A. Kalinovsky, C. A. Mason, and P. Scheiffele, unpublished observations) .
In addition to a stop-growing signal from immature granule cells, Purkinje cells may also bear a signal to prevent formation of mature synaptic contacts with mossy afferents, as previously proposed (Arsenio Nunes and Sotelo, 1985) . In adult Sema6A (semaphorin6A)-deficient cerebella, mature mossy fibers synapse on ectopic granule cells stranded in the molecular layer because of migration defects (Kerjan et al., 2005) . These observations in the adult suggest that when mossy fiber contacts are maintained in the molecular layer, mossy fiber afferents synapse exclusively with their appropriate granule cell targets.
The signals inhibiting, or supporting, mossy fiber outgrowth are still unknown. Several molecules important for formation of a presynaptic specializations at the mossy fiber-granule cell synapse have been identified: neuroligin (Scheiffele et al., 2000) , WNT7a (Hall et al., 2000) , and FGF22 (Umemori et al., 2004) . Although these signals regulate synapse formation, they do not seem to affect the extent of axon outgrowth in vitro or in vivo, supporting the idea that synapse formation and stopping/pausing on specific target cells are differentially regulated. The molecules controlling mossy fiber extension in the IGL may be elusive or even nonexistent, as pontine axons grow freely on several types of neuronal and non-neuronal cells as long as the cells do not express inhibitory factors (Baird et al., 1992a; Scheiffele et al., 2000) . We found that the stopping activity expressed by immature granule cells cannot be preserved in granule cell conditioned medium or in membrane preparations, but can be blocked with heparin. These results suggest that the stop signal may be a heparin-binding guidance cue or a component of the ECM. Several proteinaceous ECM components whose interaction is disrupted by heparin, such as HSPGs and CSPGs (chondroitin-sulfate proteoglycans), are highly expressed in the EGL (Rauch et al., 1991; Smith et al., 2005) and have been shown to be regulate axon extension and guidance at all stages of neuronal differentiation in numerous brain regions (Letourneau et al., 1992; Bovolenta and Fernaud-Espinosa, 2000) . PG activity depends not only on the structure of the core protein, but also on the type of monosaccharides introduced in PG polysaccharide moieties, the glycosaminoglycans (GAGs) (Bovolenta and Fernaud-Espinosa, 2000; Bulow and Hobert, 2004) . Expression of the enzymes that regulate GAG molecular diversity, such as glycotransferases and sulfotransferases, is developmentally regulated in the various cerebellar layers (Inatani and Yamaguchi, 2003; Yabe et al., 2005) , potentially leading to variability in PG expression and function during cerebellar differentiation. Expression of specific PGs in the EGL may mediate mossy fiber arrest directly by modulating adhesive interactions and inhibiting axon outgrowth. PGs can also trap morphogens and guidance cues such as Shh, FGFs, Wnts, Slits, and semaphorins in the ECM to locally modulate various steps of neuronal differentiation from proliferation to synapse formation (Margolis and Margolis, 1997; Bovolenta and Fernaud-Espinosa, 2000; Rubin et al., 2002; Kantor et al., 2004; Piper et al., 2006) . Differential local expression and retention of inhibitory molecules in the ECM of the EGL and the IGL could regulate in mossy fiber extension, as observed during development of thalamocortical projections (Emerling and Lander, 1996) .
When we analyzed interactions between mossy fiber growth cones and granule cells during time-lapse video microscopy (Baird et al., 1992a ) (Q. Zhang and Mason, unpublished observations) , we never observed growth cone collapse and growth cone filopodia remained highly motile, suggesting that collapseinducing cues like semaphorins and Slits are not involved. Mem- bers of the FGF and Wnt families, released by mature granule cells or Purkinje cells, have also been implicated as regulators of mossy fiber differentiation (Rabacchi et al., 1999; Hall et al., 2000; Umemori et al., 2004) . In the future, the analysis of (1) expression of specific ECM components in the cerebellum in the first postnatal week, (2) expression of heparin-binding inhibitory guidance morphogens, including FGFs and Wnts, and (3) interactions across these two groups of molecules should facilitate the identification of signals involved in mossy fiber growth regulation during axon extension and target selection.
